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Abstract 
 
 The hellbender (Cryptobranchus alleganiensis) is a salamander that grows over a 
large range of body sizes (2-74 cm total length) making it an ideal organism for 
examining the effects of body size on morphology and performance. The goal of 
this study is to investigate the morphology changes over ontogeny and change in 
feeding ability. Cryptobranchus feeds on small aquatic insects as juveniles and 
shifts to crayfish as they get larger. Morphology can be expected to change as an 
organism grows larger, and because morphology and performance are closely 
linked, this morphological change can result in a change in feeding ability. 
Cryptobranchus alleganiensis are primarily aquatic salamanders that utilize both 
suction feeding and biting behaviors. I hypothesize bite force would increase with 
positive allometry reflecting a possible dietary shift during ontogeny in which 
larger Cryptobranchus favor crayfish. Because suction is the primary mode of 
feeding making it an important aspect of feeding throughout ontogeny, suction 
index was hypothesized to scale with isometry. Fourteen preserved specimens 
(11.9-34.5 cm SVL) were used to investigate the effects of scaling on suction 
potential and estimated bite force. Bite force was calculated using a 3D static 
equilibrium model and suction potential was calculated as suction index. Bite force 
scaled with positive allometry allowing the animals to bite harder relative to body 
mass with increasing body size, and suction index showed no effect of body size. 
v!!
Results of this study indicate that Cryptobranchus alleganiensis maintains suction 
performance across ontogeny allowing them to generate suction with similar ability 
ontogenetically, but increases its biting performance to cope with durophagous prey 
with a possible ontogenetic dietary shift.
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Introduction 
Size impacts various levels of biology including metabolic rate and movement 
(Brody and Procter, 1932; Hill, 1950; Kleiber, 1947). When examined across many 
vertebrate taxa, metabolism scales with body mass raised to the power of 0.75 indicating 
that metabolism is relatively slower in larger animals (Kleiber, 1947). Hill (1950) 
predicted scaling relationships of velocity, mass, and length from a dimensional 
standpoint. Hill predicted that animals of different body sizes and similar shape would 
achieve the same maximum velocities and would be able to jump to similar maximum 
heights. Many researchers tested these predictions in locomotor systems, yet feeding 
systems are only partially explored (Deban and O’Reilly, 2005; Meyers et al., 2002; 
Richard and Wainwright, 1995; Robinson and Motta, 2002).  
Organismal performance is affected by the size of an animal, and performance 
can be expected to change throughout ontogeny (Meyers et al., 2002). In many instances 
adults and juveniles living in the same habitat may compete for similar resources and are 
subject to similar predators (Herrel and O’Reilly, 2006). Juveniles may be disadvantaged 
because of smaller absolute size and the inability to perform at or near the level of adults 
(Carrier, 1996; Herrel and O’Reilly, 2006). Because of structural or physiological 
constraints, juveniles can be limited to certain prey types because of constraints on gape 
size (length or width of the jaw), bite force (cross section of muscle), or the rapidity of 
the feeding cycle (velocity of mouth opening/closing)(Meyers et al., 2002; Schmidt-
Nielsen, 1984; Toro et al., 2003). In both the spiny lizard Sceloporus and whiptail lizards 
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Cnemidophorus bite force scales with positive allometry (i.e., as snout vent length raised 
to the power of 4.6 and 3.83 respectively) allowing larger individuals to bite harder for 
their body size when compared to smaller individuals, and in the Sceloporus mature 
animals were able to open their mouths wider than juveniles, allowing them to feed on 
larger prey (Meyers et al., 2002). In the turtle Sternotherus minor, positive allometry of 
bite force (i.e., skull length raised to the power of 2.71) was linked to feeding 
performance because of the necessity to fracture snails, which are incorporated into adult 
diets (Pfaller, 2009). Because of physical changes in dimension of the feeding 
mechanisms in these animals, adults feed on different prey than juveniles. Although there 
are many examples of adult animals outperforming juveniles, this isn’t always the case. 
Juvenile seahorses suction feed with higher performance than adults due to their 
relatively shorter snouts (Roos et al., 2010, 2011). 
Suction feeding is common in aquatic taxa because organisms can take advantage 
of the density of water to draw prey into the mouth (Lauder, 1985; Liem, 1990). 
Suction index (SI) is a morphometric model used to assess suction potential in fishes 
(Hillis and Bellis, 1971; Nickerson and Mays, 1973). In bluegill sunfish (Lepomis 
macrochirus) SI scales with positive allometry suggesting increasing suction potential 
with larger body size (Carroll et al., 2004; Holzman et al., 2008). As adults, bluegill 
sunfish, change habitats resulting in a change in diet in which increase in suction 
potential (the ability to generate suction pressure) may help bluegill capture elusive prey 
such as zooplankton (Holzman et al., 2008; Mittelbach, 1984). In a closely related 
species, spotted sunfish (Lepomis punctatus), SI scales with isometry suggesting that 
there can be differences between closely related species (Holzman et al., 2008). Suction 
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index should be applicable to Cryptobranchus because, as in fishes, it involves rapid 
opening of the mouth and buccal expansion via hyobranchial depression, which results in 
the movement of water and prey into the mouth (Deban and Wake, 2000).  
Hellbenders (Cryptobranchus alleganiensis) are the largest salamanders in North 
America, inhabiting rivers and streams ranging from Western Pennsylvania to Kentucky 
(Hillis and Bellis, 1971; Nickerson and Mays, 1973). Cryptobranchus grow up to 800 
fold in mass and reach a body length over 70 cm (Deban and O’Reilly, 2005; Nickerson 
and Mays, 1973). This wide range of body sizes makes Cryptobranchus alleganiensis an 
ideal model for scaling studies (Bishop, 1941; Deban and O’Reilly, 2005; Nickerson and 
Mays, 1973). Cryptobranchus alleganiensis utilizes both suction and biting behaviors to 
feed (Elwood and Cundall, 1994). In conjunction with suction feeding Cryptobranchus 
will bite large prey by rapidly closing their jaws shut upon the prey (Elwood and Cundall, 
1994). 
I used two models to assess suction and bite performance estimates. I utilized a 
3D static equilibrium model to estimate bite force and a suction index (SI) model to 
morphometrically estimate suction pressure (Carroll et al., 2004; Huber et al., 2005). 
Suction index has been applied to fishes such as largemouth bass (Micropterus 
salmoides), spotted sunfish (Lepomis punctatus), redear sunfish (Lepomis microlophus) 
and bluegill sunfish (Lepomis macrochirus). Suction index is a unit-less quantity that 
ranges from 0 (poor) to 1 (excellent) suction feeders (Carroll et al., 2004; Wainwright, 
2007). Suction feeding is modeled by SI as a system of levers transmitting forces and 
expanding the buccal cavity (Wainwright, 2007). Suction index is a ratio that takes the 
cross section of the epaxialis muscles multiplied by the ratio of the in-lever and out-lever 
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of cranial elevation, divided by the buccal area to produce an estimate of suction pressure 
ability (Carroll et al., 2004).  
The goal of this study is to characterize how estimated feeding performance (i.e., 
bite force and suction generation) scales in Cryptobranchus alleganiensis over ontogeny. 
I restricted my study to preserved specimens, and to estimate feeding performance I used 
theoretical suction index (SI) to assess morphological suction potential and a 3D static 
equilibrium model to estimate bite force (Carroll et al., 2004; Huber et al., 2005). 
C. alleganiensis may undergo a diet shift early in development in which pre-
metamorphosed individuals eat insect larvae and eventually shift to crayfish as adults 
(Kirsten Hecht, personal communication). A potential diet change is also suggested by 
the earlier development of the dentition in Cryptobranchus when compared to other 
salamanders (Greven and Clemen, 2009).  
I hypothesize that in Cryptobranchus bite force will scale with positive allometry 
in order to incorporate the hard-shelled prey into their diet. Suction ability, measured by 
SI, will scale with isometry because suction may be important throughout ontogeny and 
may need to be maintained.  
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Materials and Methods 
 
Animals  
Fourteen 10% buffered formalin-fixed specimens stored in alcohol were 
dissected. Because the left side of the head was dissected, I assumed bilateral symmetry 
when estimating bite force and suction index. Six levator muscles were dissected from 
the skull. Tendinous tissue was left to identify muscle insertions and where applicable the 
origins of the muscles. Head length was measured with Mitutoyo digital calipers 
(±0.01mm, Mitutoyo, Illinois, USA) from the retroarticular process to the tip of the snout. 
Head width was measured as the linear distance perpendicular from the midline of the 
head from the most lateral aspect of the squamosal to the contralateral squamosal. The 
length of the mandible was the linear distance from the tip of the retroarticular process to 
the most anterior aspect of the mandibular symphysis. Mandible width was measured 
across the widest point of the mandible on the lateral aspect of the dentary bone. 
 
Suction Index 
Suction index (SI) is dependent upon assumptions including 1) magnitude of 
buccal pressure is limited by the ability of muscle force and the capacity of skeletal 
elements to transmit that force and 2) the ability of the epaxial musculature to, at 
minimum, generate enough force to counteract the forces of buccal expansion. This 
model is applicable to Cryptobranchus because, much like suction feeding in fish, buccal 
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expansion will cause a torque around the atlanto-occiptial joint and the magnitude of this 
torque must be balanced by the epaxialis muscles (Carroll et al., 2004). I applied the SI 
model to C. alleganiensis following the methodology of Carroll et al. (2004). The cross 
section of the epaxialis muscle, the length of the epaxial moment arm (Lin), the length of 
the buccal arm (Lout), and the buccal area were measured (Figure 1) and SI was calculated 
for each specimen to the nearest 0.01 centimeter using the formula:  
!" = ! [(CSAep)!×!(Lin/Lout)]!(Buccal!area) ! 
(Carroll et al., 2004). 
After manipulation of the atlanto-occipital joint, the epaxialis muscle was cut 
dorsal to the joint, perpendicular to the fiber direction. The centroid of the muscle was 
found by measuring the diameter of the muscle in two directions and by using the 
midway point of these lines. This point was marked for further measurement. Lin was 
measured as the linear perpendicular distance from the centroid of the epaxial muscle to 
the point of rotation at the atlanto-occipital joint, measured using a Polhemus Patriot 
system (Polhemus, USA). The sectioned muscle was imaged using an EOS Canon Rebel 
T1i (Canon, USA). The anatomical cross section was measured using Sigmascan Pro 5 
(Systat software Inc., USA). The length of the buccal area was measured from the medial 
aspect of the retroarticular process to the mandibular symphysis parallel to the midline of 
the head. The width of the buccal area was the linear distance between the medial aspects 
of the mandible bordering the articular surface. The out lever (Lout) or the buccal moment 
arm is the average of two distances. The first distance is the linear distance from the 
atlanto-occipital joint to the caudal extent of the buccal cavity and the second is the 
distance from the atlanto-occipital joint to the most anterior extent of the buccal cavity. 
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Suction pressure is modeled as a force vector normal to the buccal area acting at the end 
of this buccal moment arm (Carroll et al., 2004).  
 
Bite Force 
Jaw levator muscles were dissected from the left side of the head (Figure 2). The 
origin and insertion for each muscle were marked on the skull to provide landmarks for 
digitizing. In situations where a muscle had a broad origin, the line of action in 
combination with the inserting tendon was used to draw a line to the origin. Each muscle 
was weighed (g), fiber length (cm), and fiber angle (degrees) were taken. The center of 
mass was determined by hanging the muscle from a pin from two different points on the 
muscle (Huber et al., 2005). For each center-of-mass measurement, a weighted string was 
used to draw a line on the surface of the muscle. The intersection of the two lines was 
marked with a permanent marker as the center of mass.  
By observing the inserting tendon and ‘drawing’ a line from the tendon through 
the center of mass of the muscle, the line of action was established. Fiber angles were 
measured in relation to the line of action of each muscle. A camera lucida attachment to a 
dissecting microscope (Wild M5, Switzerland) was used to measure fiber angle. A piece 
of paper was placed below the mirror of the camera lucida with a line drawn on it. A 
muscle was placed under the microscope and the line of action of the muscle and line 
drawn on paper were aligned. The fibers observed under the microscope were traced on 
this piece of paper. Using a transparency sheet with parallel lines drawn along the length 
of the sheet, fiber angles were measured using a small protractor. At least five to ten 
equally spaced fibers were chosen along the entire surface of each muscle and averaged 
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together. Fiber lengths were determined by measuring from the beginning to the end of 
chosen fibers with string. Physiological cross section (PCSA) was calculated by: 
!"#$ = !"# ! ×! "#!"#! "##!"!×!!  
Where Cos (θ) is the fiber angle, FL is fiber length, and ρ is muscle density (Powell et al., 
1984). Muscle density was assumed to be 1.056 g/cm3, the density of fresh mammalian 
muscle tissue (to this author’s knowledge there are no published values for 
amphibians)(Lieber and Fridén, 2000; Powell et al., 1984). The value for amphibian 
specific tension Tsp was assumed to be 22 N/cm2 (Regnier and Herrera, 1993). Tetanic 
muscle tension was then calculated using (Formula 2): !! = !PCSA! ∗ !!!" 
A static-equilibrium model was used to model muscle forces in a 3D coordinate space 
(Huber et al., 2005). Because of similar origin and insertion points and similar fiber 
directions, muscles dorsal levator mandibulae (DLM) II and III, and separately the 
levator mandibulae externus (LME) and levator mandibulae posterior (LMP) were 
combined and modeled as muscle groups. Because cross sectional area is directly 
proportional to force production, the PCSA of these respective muscles were added 
together. The superficial levator mandibulae anterior (SLMA) anterior was modeled as 
acting around a frictionless pulley due to its ‘L’ shape acting upon the anterior ridge of 
the squamosal bone (Figure 2). The (x,y,z) coordinates were obtained using a Polyhemus 
Patriot system (Polhemus, USA). In-levers were calculated as the distance from the jaw 
joint to the insertion of the abductor muscle on the mandible. A weighted average of the 
in-levers was calculated based on each muscle’s force contribution. Using Mathcad 
(Mathsoft Inc, Cambridge, MA, USA), 3D force vectors were constructed. Using P0 of 
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each muscle, and direction of the force vectors, the moment about the jaw joint was 
calculated (Huber et al., 2005). For each bite point the mechanical advantage was used to 
determine the force at the end of the tooth row and at the tip of the snout (Huber et al., 
2005). The forces were summed about the jaw joint and calculated following Huber et al. 
(2005): 
 !"! = !!!" + !!!"#$ + !!!"# + !!"# + !!!"#$ !+ !!"#$$!!!! !+ !! != !0 
where FJR is the joint reaction force at the jaw joint, FLJ is the force acting upon the lower 
jaw, FB is the reaction force from the prey item, FSLMA is the force of the SLMA muscle, 
FLME+LMP is the force of the LME and LMP muscles combined, FDLM II+ DLMIII is the force 
produced by the DLM II and III muscles, and FDLMI is the force produced by the DLM I 
muscle. The mechanical advantage at the anterior and posterior bite points was then used 
to calculate bite force at these points.  
 To compare bite force of Cryptobranchus to other taxa the value of anterior bite 
force of the largest specimen was compared with published maximum bite force values of 
aquatic durophagous taxa (Clifton and Motta, 1998; Hernandez and Herrel et al., 2002; 
Korff and Wainwright, 2004; Huber et al., 2005; Motta, 2009; Mara et al., 2009). The 
effect of mass was removed by regression of log10-transformed body masses and bite 
forces, and the residuals were ranked (Habegger et al., 2010). Statistical analysis was 
performed in PAST statistical software and the residuals were divided by their standard 
deviation to calculate studentized residuals (Hammer et al., 2001; Michael et al., 2005).  
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Statistical Analyses 
Suction index, bite force, and morphological variables were log10 transformed and 
plotted against log SVL. All tests were conducted in PAST statistical software (Hammer 
et al., 2001). Each test was conducted using least squares regression and 95% confidence 
intervals. In previous studies involving Cryptobranchus least squares regression of log-
transformed values was used to test for allometry (Deban and O’Reilly, 2005). If the 
confidence interval encompassed zero or the expected relationship (i.e., isometry), then 
the null hypothesis cannot be rejected (Kutner et al., 2005). If the expected relationship 
fell outside of the confidence intervals then I can reject the null hypothesis and support 
the alternative hypothesis of departure from isometry. Expected relationships (i.e.,. the 
slope of the regression of log-transformed measurements and estimates versus log SVL) 
were: bite force = 2, mass = 3, length = 1, pennation angle = 0, suction index = 0, and 
cross sectional area = 2 (Schmidt-Nielsen, 1984). Based on the scaling model proposed 
by Hill (1950), if muscle force scales with isometry, when log of muscle force is 
regressed against length, I would expect a slope of two (Hill, 1950; Powell et al., 1984). 
Morphological variables such as head width, length, mandible width, and length are 
expected to scale with a slope of one based on previous evidence (Deban and O’Reilly, 
1995).  
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Figure. 1. The SI model applied to C. alleganiensis morphology. The in lever (Lin) was 
measured from the centroid of the epaxial musculature (Ep) to the point of rotation (Rot) 
of the skull and the vertebral column. The out lever (Lout) is the average of the distance 
from Rot. to the caudal end of the mandible and the distance from Rot to the anterior tip 
of the mandible. Figure reproduced with permission by D.Cundall.  
 
Figure 2. Levator musculature of C. alleganiensis. Starting from the bottom left of the 
figure moving clockwise: (slma) superficial levator mandibulae, (lme) levator 
mandibulae externus, (dlmaI) dorsal levator mandibulae I, (dlmaIII) dorsal levator 
mandibulae III, (lmp) levator mandibulae posterior. Not shown is the dorsal levator 
mandibulae II which lies underneath the dorsal levator mandibulae I. Reproduced by 
permission of D. Cundall. 
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Results 
 
Morphology 
 Head length scaled with a slope of 1.02 (95 % CI: 0.89; 1.10), head width scaled 
with slope of 1.24 (95 % CI: 1.05; 1.34), and head height with a slope of 1.24 (95 % CI: 
0.99; 1.45). Of these, only head width showed a departure from isometry, scaling with 
positive allometry  (Table 1). Both mandible length and width scaled with isometry 
(slope-1.11 [95% CI: 0.85; 1.11] and slope 1.17 [95% CI: 0.90;1.30], Table 1). 
 
Table 1. Scaling relationships of morphological variables versus SVL (cm) in 14 
specimens of C. alleganiensis. Asterisks indicate positive allometry. 
Variable Slope Confidence 
Interval 
R2 
Head length (cm) 1.02 0.89; 1.10 0.94 
Head width (cm) 1.24* 1.05; 1.34 0.95 
Mandible length (cm) 1.11 0.85; 1.11 0.93 
Mandible width (cm) 1.17 
 
0.90; 1.30 0.90 
Head Height (cm) 1.24 0.99; 1.45 0.90 
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Theoretical bite force 
Muscle physiological cross section scaled with positive allometry in all muscles 
except for DLM I and DLM II (Table 2). The DLM II and DLM III combined into a 
single muscle group shows positive allometry (Table 3).  
Table 2. Scaling relationships of muscle variables versus SVL. All measures are 
regressed against snout-vent-length (cm). Expected scaling slopes are: mass= 3, angle = 
0, length = 1. Asterisks indicate positive allometry. 
 
 
Variable Slope Confidence 
Interval 
R2 
Levator mandibulae externus 
Mass  4.40* 3.68; 5.03 0.91 
 
Fiber angle -0.35 -0.88; 0.22 0.08 
 
Fiber 
Length 1.01 0.72; 1.34 0.81 
 
PCSA 3.85* 2.64; 4.89 0.75 
Levator mandibulae posterior Mass 3.77* 3.35; 4.08 0.91 
 
Fiber angle 0.08 -0.65; 0.90 0.00 
 
Fiber 
Length 1.16 0.92; 1.36 0.90 
 
PCSA 2.86* 2.11; 3.89 0.77 
Superior levator mandibulae 
anterior 
Mass 4.34* 3.68; 5.08 0.93 
 
Fiber angle -0.22 -0.57; 0.19 0.09 
 
Fiber 
Length 0.69 0.24; 1.12 0.28 
 
PCSA 3.71* 2.73; 4.89 0.85 
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Table 2 (Continued)     
Dorsal levator mandibulae I Mass 4.60* 3.64; 5.61 0.88 
 
Fiber angle 0.09 -0.35; 0.77 0.00 
 
Fiber 
Length 1.45 0.52; 1.79 0.72 
 
PCSA 3.49 1.97; 4.84 0.74 
Dorsal levator mandibulae II Mass 3.84* 2.18; 4.66 0.82 
 
Fiber angle 0.11 -0.94; 0.85 0.00 
 
Fiber 
Length 1.10 0.90; 1.32 0.89 
 
PCSA 3.12 1.92; 3.91 0.79 
Dorsal levator mandibulae III Mass 4.61* 3.76; 5.34 0.90 
 
Fiber angle 0.00 -1.02; 0.55 0.00 
 
Fiber 
Length 1.83 0.55; 3.20 0.40 
 
PCSA 3.55* 2.84; 4.04 0.89 
 
Fiber length and pennation angle scaled with isometry in all muscles through 
ontogeny (Table 2).  
Anterior and posterior mechanical advantage scaled isometrically with body size, 
indicated by the confidence interval encompassing zero (Table 3, Figure 5). Anterior bite 
force (slope- 3.68, 95 % CI: 2.98; 4.47) and posterior bite force (slope- 3.51, 95% CI: 
2.72; 4.46) scaled with positive allometry (Table 3, Figure 4). The highest anterior bite 
force of 24.4 N was calculated for an individual of 34.5 cm SVL (Table 4).
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Table 3. Scaling relationships of bite force, total muscle force for each modeled muscle, 
and mechanical advantage versus SVL. Asterisks indicate allometry. 
 
Variable Slope R2 CI 
Anterior Bite Force 3.68* 0.89 2.98; 4.47 
Posterior Bite Force 3.51* 0.88 2.72; 4.46 
LME+LMP Force 3.62* 0.89 2.76; 4.42 
SLMA Force 3.71* 0.85 2.77; 4.85 
DLM I Force 3.49 0.74 1.91; 4.83 
DLM II+III Force 3.34* 0.92 2.51; 3.77 
Anterior MA 0.00 1.21 E -06 -0.51; 0.30 
Posterior MA -0.017 4.40 E -04 -0.70; 0.35 
 
 The lowest bite force of 0.26 N was estimated in the smallest individual of 11.9 cm 
SVL (Table 4). On average, only about 17% (S.E.M ±0.008 %) of the combined muscle 
force was transmitted to the anterior bite point, which is less than the average mechanical 
advantage of the jaws of 0.37 (Table 4). Anterior bite force ranged from 0.26 N to 24.4 N 
(average = 9.75 N) and anterior mechanical advantage ranged from 0.24 to 0.73 (average 
= 0.37)(Table 4). Total muscle force was considerably greater with the greatest muscle 
force of 136.8 N from the largest animal (Table 4). However, when compared to other 
aquatic durophagous taxa, Cryptobranchus generates the second lowest maximum bite 
forces according to ranked residuals analysis (Table 5). 
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Table 4. Snout-vent-lengths, estimated bite forces, and anterior mechanical advantage in 
Cryptobranchus. Total muscle force and anterior bite force expressed as a ratio showing 
proportion of muscle force that is transmitted to the anterior bite point. 
 
SVL Anterior Force (N)  Total Muscle Force (N) Ratio AF:TF 
Anterior 
Mechanical 
Advantage 
11.9 0.26 1.67 0.16 0.45 
12.7 1.40 8.67 0.16 0.43 
15.1 1.14 7.56 0.15 0.24 
16 1.85 10.54 0.18 0.34 
19.7 1.51 15.18 0.10 0.27 
21.2 5.96 30.01 0.20 0.28 
24.3 18.04 80.87 0.22 0.45 
25.1 11.54 53.15 0.22 0.73 
26.5 9.19 57.52 0.16 0.32 
27.3 11.67 69.48 0.17 0.36 
28.9 13.51 96.80 0.14 0.29 
32.1 17.70 114.44 0.15 0.35 
33.4 18.38 109.96 0.17 0.29 
34.5 24.40 136.80 0.18 0.44 
Average 9.75 56.62 0.17 0.37 
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Table 5. Estimated anterior bite forces of Cryptobranchus and other aquatic durophagous taxa. Body mass of Cryptobranchus was 
estimated from Deban and O’Reilly (1995).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Korff and Wainwright (2004), 2Hernandez and Motta (2004), 3Herrel et al.(2002), 4Clifton and Motta (1998), 5Huber et al. (2005), 
6Huber et al. (2004), 7Present study, 8Mara et al. (2009). 
Scientific Name Common Name Mass (g) Anterior Bite Force (N) Residuals 
Chilomycterus schoepfi Striped burrfish1 180 380 2.413 
Archosargus probatocephalus Sheepshead2 998 309 0.751 
Staurotypus salvinii Pacific coast giant musk turtle3 743 252 0.743 
Phyrnops nasutus Common toad-headed turtle3 1752 432 0.699 
Sternotherus carinatus Razorback musk turtle3 276 109 0.529 
Staurotypus triporcatus Mexican giant musk turtle3 600 139 0.189 
Halichoeres maculipinna Clown Wrasse4 18 11 -0.041 
Platysternon megacephalum Big-headed turtle3 137 42 -0.066 
Thalassoma bifasciatum Bluehead wrasse4 7 5 -0.232 
Kinosternon subrubrum Mississippi mud turtle3 133 35 -0.265 
Halichoeres garnoti Yellow head wrasse4 21 10 -0.285 
Heterodontus francisci Horn shark5 2948 206 -0.638 
Hydrolagus colliei White spotted ratfish6 870 87 -0.692 
Sternotherus odouratus Razorback musk turtle3 321 31 -1.139 
Halichoeres bivittatus Slippery Dick4 19 5 -0.898 
Cryptobranchus alleganiensis Eastern hellbender7 614 24.397 -1.966 
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Suction Index 
 
Suction index was not influenced by body size (Table 6, Figure 6), scaling with a 
slope of 0.77 (95% CI: -0.534; 1.836). Epaxial cross-sectional area scaled with positive 
allometry with a slope of 2.80 (95% CI: 2.11; 3.57)(Table 6). Buccal area scaled with 
isometry (slope- 2.15, 95% CI: 1.78; 2.47)(Table 6).  
 
Table 6. Scaling relationships of suction index variables regressed versus SVL. 
Mechanical advantage is the ratio of the epaxial lever arm (Lin) to the buccal moment arm 
(Lout). 
 
Variable Slope CI R2 
Suction index vs SVL 0.77 -0.534; 1.836 0.16 
Epaxial CSA vs SVL 2.80 2.105; 3.586 0.90 
Buccal Area vs SVL 2.15 1.77; 2.465 0.95 
Mechanical advantage vs SVL 0.24 -0.070; 0.699 0.09 
 
The ratio of Lin/ Lout for cranial elevation scaled with isometry (0.24; 95% CI: -
0.02;0.63) (Table 6.). The individual with the highest suction index value was 32.1 cm 
SVL and had a suction potential of 0.196, which indicates this individual could 
theoretically generate the highest suction pressure of the animals sampled (Table 7). The 
smallest value for suction was 0.0102 and that individual was 15.1 cm SVL (Table 7)
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Table 7. Snout vent length of animals included in the analysis and their suction index (SI) 
estimates. SI ranges from 0 (poor suction) to 1 (excellent suction). 
 
SVL (cm) Suction Index 
11.9 0.0168 
12.7 0.011 
15.1 0.0102 
16.0 0.039 
19.7 0.013 
21.2 0.023 
24.3 0.025 
25.1 0.017 
26.5 0.022 
27.3 0.014 
28.9 0.011 
32.1 0.196 
33.4 0.020 
34.5 0.026 
 
Figure 3. Skull and jaw of C. alleganiensis. The three dimensional coordinate system is 
described above the diagram with the +z axis coming out of the page. The arrows indicate 
the orientation of the force vectors of the muscles modeled (A) DLM II+III (B) DLM I 
(C) SLMA (D) LME + LMP. Stars mark the bite points where force was calculated. 
Figure reproduced with permission by D. Cundall. 
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Figure 4. Bite force scaling relationship of C. alleganiensis on log axes. (A) Anterior bite 
force (N) vs SVL (cm). The expected relationship based on isometry is shown as dashed 
lines. Note how the expected line is not encompassed by the confidence intervals for 
either anterior and posterior force, indicating departure from isometry. 
 
Figure. 5. (A). Scaling relationship of mechanical advantage of the anterior bite point vs 
SVL (cm) in C. alleganiensis. (B). Scaling relationship of mechanical advantage of the 
posterior bite point vs SVL (cm) in C. alleganiensis. The dashed line indicates the 
expected relationship.
A                                                               B
R2= 0.00                                                    R2= 0.00
Slope= 0.00                                               Slope= 0.00
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Figure. 6. Scaling relationship of suction index vs snout vent length (cm).
R2= 0.13
Slope = 0.77
28##
 
  
Figure. 7. (A) Scaling relationships of physiological cross sectional area (cm2) of the 
LME+LMP muscles and snout vent length (cm), (B) Scaling relationships of 
physiological cross sectional area (cm2) of the SLMA muscle and snout vent length (cm). 
(C) Scaling relationships of physiological cross sectional area (cm2) of the DLM I muscle 
and snout vent length (cm). (D) Scaling relationships of physiological cross sectional area 
(cm2) of the DLM II + III muscles and snout vent length (cm). The dashed line indicates 
the expected relationship. 
2
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Discussion 
 
 The purpose of this study was to examine and characterize how performance 
parameters of the two feeding behaviors in Cryptobranchus alleganiensis scale 
ontogenetically. I hypothesized that bite force would scale with positive allometry 
because of a diet shift from highly mobile aquatic prey to hard-shelled crayfish. Suction 
potential (estimated by suction index) was hypothesized to scale with isometry because of 
the importance of suction performance across body sizes. 
Bite force 
 Bite force for both anterior and posterior points scaled with positive allometry 
indicating that C. alleganiensis bite with greater force relative to body length as they 
grow larger (slope = 3.69 and 3.51 respectively). It is possible that bite force increases 
over ontogeny to compensate for a shift in diet to crayfish. Crayfish are hard shelled prey 
making higher bite forces necessary to at least grasp the prey and prevent prey escape, if 
not crush it (Dierenfeld et al., 2009; Stein and Magnuson, 1976). The catfish Clariallabes 
has hypertrophied jaw adductor muscles (muscle cross-sectional area slope of 2.7) and 
positively allometric head growth (width slope = 1.2; height slope = 1.2) was linked to 
harder and larger prey items (Wyckmans et al., 2007). The turtle Sternotherus minor 
displays positive allometry of muscle forces (carapace length slope = 2.9), a change that 
is linked to their diet that is high in snails (Pfaller, 2009; Pfaller et al., 2011). However 
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positive allometry is not always indicative of a diet shift. In blacktip sharks 
(Carcharhinus limbatus) it was found that bite force scaled with positive allometry 
(regressed against body length, slope = 3.18) but diet analyses did not suggest a shift in 
diet, suggesting other ecological pressures may select for allometry of bite force (Huber 
et al., 2006). Cryptobranchus bite force scaled with positive allometry reflecting the 
allometric scaling of the PCSA of the jaw levator musculature (Table 2, Figure 2). 
Mechanical advantage was not affected by body size, remaining constant ontogenetically, 
suggesting that muscle properties are changing to generate positive allometry of bite 
force (Table 3, Figure 7). Larger PCSA can be accomplished through different means. 
Sternotherus, muscle cross section increased by the changing the muscle fiber pennation 
ontogenetically (Pfaller et al., 2011). My data indicates that Cryptobranchus muscle 
PCSA increases ontogenetically by an increase in muscle mass while fiber pennation and 
fiber length remain isometric.  
 Highest estimated bite force values were estimated in an individual 34.5 cm SVL 
which was capable of generating an anterior bite force of 17.2 N and a posterior bite 
force of 32.6 N (Table 4). When compared to other aquatic durophagous taxa, 
Cryptobranchus has the second lowest bite force values (Table 5). Average total muscle 
force transmitted to the anterior bite point was 17% (Table 4). Cryptobranchus has a flat, 
broad head and data suggests that this has a consequence on bite force. This flattening of 
the skull may result in the mandible levator muscles orienting farther away from the y 
axis responsible for closing the mandible which would decrease the overall force in that 
axis. Herrel et al. (2001) found in the lizard Xenosaurus head height was a good predictor 
of bite force. Higher bite forces were found in species of Xenosaurus that exhibited taller 
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heads compared to Xenosaurus with flatter heads. In other species such as bull sharks 
(Carcharhinus leucas) head width is also an important predictor in bite force, as animals 
with wider heads had larger adductor muscles (Habegger et al., 2012). In 
Cryptobranchus, a wider head may allow for large muscles, but my estimates suggest 
relatively high force loss at the anterior bite point. Although bite force of Cryptobranchus 
is relatively low when compared to other species, forces generated during feeding do not 
prevent Cryptobranchus from feeding on hard-shelled prey. Cryptobranchus swallow 
whole crayfish (Dierenfeld, 2009), therefore bite force may not be as important in 
consuming prey when compared to other durophagous species such as horn sharks which 
crush their prey (Huber, 2005).  
 Salamanders are characterized as having poorly ossified crania (Nishikawa and 
Schwenk, 2002). Although Cryptobranchus possesses a robust skull and jaw structure, 
the flexible inter-mandibular symphysis and the loose jaw articulation may not be able to 
handle extremely high forces. Cryptobranchus can asymmetrically suction feed, having 
the ability to independently lower each side of the jaw (Cundall et al., 1987; Elwood and 
Cundall, 1994). Cryptobranchus may only generate enough force to hold (instead of 
crush) prey items. It is possible that successive hard bites may fracture the shell of 
crayfish through microfracturing and breaking down the carapace (Pfaller, 2009; Pfaller 
et al., 2011). In bonnethead sharks (Sphyrna tiburo) electromyography showed cyclical 
activity of the jaw muscles during feeding which may allow for fracturing of the shells of 
the crabs they consume (Mara et al., 2009; Wilga and Motta, 2000). This successive bite 
behavior has also been documented in the horn shark (Heterodontus francisci). These 
animals will apply a force multiple times during feeding to crack the shell/carapace of 
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their prey (Huber et al., 2005). The fracturing of the prey may allow for digestive 
enzymes to penetrate the carapace (Mara et al., 2009). In addition to biting, C. 
alleganiensis may use rapid, forceful movements of their heads to break apart prey held 
in the jaws (Elwood and Cundall, 1994).  
The 3D static equilibrium model based on muscle architecture alone can 
underestimate force production because it ignores the potential force production as a 
result of muscle stretching during feeding activity (Askew and Marsh, 1997; Josephson, 
1999; Huber et al., 2005). The Cryptobranchus specimens in this study were preserved 
and this may have affected the estimated bite force. Although preservation should not 
affect scaling trends, to more accurately estimate bite forces in these animals, alteration 
of muscle tissue should be accounted for. In human cadavers fiber length did not shrink if 
the muscle was formalin preserved while attached to bone but shrunk ~2% when muscle 
tissue was preserved alone (Cutts, 1988). Based on data from Cutts (1988) it is reasonable 
to assume that fiber lengths in the muscle tissue in Cryptobranchus specimens did not 
shrink significantly because the muscles were dissected post fixation and preservation. 
Absolute mass of whole preserved specimens has been shown to shrink an average of 
13% after preservation (Vervust et al., 2009). It is still unknown how preservation affects 
other aspects of PCSA such as fiber angle.  
Cryptobranchus can reach up to 74 cm total length at its largest reported size 
meaning this species is able to generate higher forces than estimated in this study. 
Assuming a similar scaling factor to those measured here the estimated anterior bite force 
of an individual at 74 cm total length should be 101.36 N (using the equation of y=8.75E-
06x3.78).  
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Suction Potential 
The highest SI value of 0.196 was estimated from an individual of 32.1 cm SVL. 
The lowest SI value of 0.010 was estimated from an individual of 15.1 cm SVL (Table 
7). In C. alleganiensis, both large and small individuals have similar morphological 
potential to generate suction because SI is constant across the range of body sizes (Figure 
6, Table 6).  
 In C. alleganiensis buccal area and the Lin/Lout ratio scaled with isometry (Table 
6). In contrast epaxial cross sectional area scaled with positive allometry. In other suction 
feeding systems such as Lepomis, SI scaled with positive allometry in part due to the 
positive allometry of the epaxial cross sectional area (Holzman et al., 2008). In 
Cryptobranchus the allometric growth of the epaxial musculature does not seem to be as 
pronounced as in Lepomis. Since the statistical differences are subtle, it is possible that 
this allometry is masked by the non-significant allometry of the other morphological 
dimensions. Suction index scales with a slope of 0.77 but the confidence interval 
encompasses zero so the null hypothesis of isometry is not rejected. This isometric 
scaling of SI suggests that suction generation is important across all body sizes. 
Cryptobranchus has also been known to feed on fish, which can necessitate the use of 
suction as a mode of feeding (Peterson, 1989). It is likely that smaller individuals may 
depend more on suction than they do on biting behaviors because it has been noted that 
they feed on smaller prey such as aquatic organisms such as members of Megaloptera, 
Ephemeroptera, and Diptera (Pitt and Nickerson, 1996).  
A static equilibrium model may underestimate bite force in Cryptobranchus 
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because of the use of architectural properties of the muscles and neglecting active 
lengthening phases of the muscle in which force can increase (Verwaijen et al., 2002). 
Another possible limitation of this static model is that the mouth is not modeled at 
different degrees of mouth opening; mechanical advantage changes with different gape 
angles thus potentially affecting bite force (Dumont and Herrel, 2003).  
If the endangered status of Cryptobranchus changes and live animals become 
more easily obtained, verification of the suction model, as well as describing the patterns 
of suction flow around the mouth of Cryptobranchus would be valuable data to obtain. 
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Conclusions 
 
Most skeletal aspects of the feeding apparatus grew with isometry over ontogeny. 
All muscles grew with positive allometry in respect to their PCSA except for DLM I. 
Other muscle variables such as fiber length and fiber angle scaled with isometry over 
body size while muscle mass grew with positive allometry. Suction potential was not 
influenced by body size suggesting Cyrptobranchus has the same morphological potential 
to generate suction across body sizes.
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